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ABSTRACT 
The Application of Size-Resolved Hygroscopicity Measurements to Understanding the 
Physical and Chemical Properties of Ambient Aerosol. (May 2005) 
Joshua L. Santarpia, B.S., The New Mexico Institute of Mining and Technology; M.S., 
Texas A&M University 
Chair of Advisory Committee:  Dr. Don R. Collins 
 
 During the summer of 2002, a modified tandem differential mobility analyzer 
(TDMA) was used to examine the size-resolved hydration state of the ambient aerosol in 
Southeast Texas. Although there were slight variations in the measured properties over 
the course of the study, the deliquescent particles observed were almost always present as 
metastable aqueous solutions. A relative humidity (RH) scanning TDMA system was 
used to measure the deliquescence/crystallization properties of ambient aerosol 
populations in the same region. During August, sampling was conducted at a rural site in 
College Station, and in September at an urban site near the Houston ship channel.  
Measurements from both sites indicate cyclical changes in the composition of the soluble 
fraction of the aerosol, which are not strongly linked to the local aerosol source.  The 
observations show that as temperature increases and RH decreases, the hysteresis loop 
describing the RH-dependence of aerosol hygroscopic growth collapses.  It is proposed 
that this collapse is due to a decrease in the ammonium to sulfate ratio in the aerosol 
particles, which coincides with increasing temperature and decreasing RH.  This cyclical 
change in aerosol acidity may influence secondary organic aerosol (SOA) production and 
may exaggerate the impact of the aerosol on human health.  The compositional changes 
 iv 
also result in a daily cycle in crystallization RH that is in phase with that of the ambient 
RH, which reduces the probability that hygroscopic particles will crystallize in the 
afternoon when the ambient RH is a minimum. During June and July of 2004 airborne 
measurements of size-resolved aerosol hygroscopic properties were made near Monterey, 
California. These were used to examine the change in soluble mass after the aerosol had 
been processed by cloud. The calculated change in soluble mass after cloud-processing 
ranged from 0.66 g m-3 to 1.40 g m-3. Model calculations showed these values to be 
within the theoretical bounds for the aerosols measured. Mass light-scattering efficiencies 
were calculated from both an averaged aerosol size distribution and from distributions 
modified to reflect the effects of cloud. These calculations show that the increase in mass 
light-scattering efficiency should be between 6% and 14%.  
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CHAPTER I 
INTRODUCTION  
 Atmospheric aerosol may influence a wide range of atmospheric phenomena. 
The absorptive properties and the ubiquitous nature of elemental carbon may impact 
global climate (Sato et al., 2003), while acidic aerosol has been linked to 
epidemiological effects in some population centers (Gwynn et al., 2000). Through 
careful observation of the physical and chemical properties of aerosol, it has become 
possible to incorporate the effects of aerosol into the framework of these phenomena; 
however, large uncertainties still remain. Despite our general understanding of the 
effects and feedbacks of specific types of aerosols, the net effect of aerosols on climate 
cannot yet be determined. One of the largest uncertainties in determining the effects of 
aerosol on climate is the interaction of aerosols with clouds to modify climate, or the 
aerosol indirect effect (Twomey, 1974). This refers to the increase in cloud droplet 
number, and the subsequent increase in cloud albedo, that would result from an increase 
in cloud condensation nuclei (CCN). As reported by the Inter-governmental Panel on 
Climate Change in 2001, no estimate of the indirect effects of aerosol climate can be 
made, although it is possible that these cooling effects may be almost equal in magnitude 
to the warming effects of greenhouse gasses. 
 The tools available to study aerosols in the atmosphere are almost as varied as 
the effects of the aerosol themselves. Aerosol particles may be studied remotely from 
satellite instruments that can measure aerosol optical depth. These observations can be 
____________ 
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useful in determining the large scale transport of aerosol. Other ground based remote 
sensors, such as sun and sky scanning photometers and laser induced detection and 
ranging (LIDAR), measure aerosol optical depth from fixed locations. Networks of these 
instruments such as AERONET can offer globally distributed information on aerosol 
properties. In addition to remote sensing, aerosol properties may be measured in situ 
using a wide variety of sampling methods. The most straightforward of these methods is 
the collection of aerosol on filters (e.g. Hegg and Hobbs, 1982), which may be done 
from aircraft or land based sites. These samples may be analyzed to determine chemical 
composition. In situ measurement of aerosol scattering properties may also be measured 
by nephelometers (e.g. Rood et al., 1985). These measurements can be used to estimate 
aerosol composition or hydration state among other properties. Aerosol mass-
spectrometry may also be used to directly measure the composition of individual aerosol 
particles or of bulk samples.  
 It is often of interest to examine the distribution of aerosol and their size-resolved 
properties. This can be done according to the aerodynamic size by impactors (e.g. Laj et 
al., 1997) or with an aerodynamic particle sizer (APS). The former separates particles by 
impaction using the inertia of the particle to determine its size, while that latter relies on 
the time of flight of the aerosol between sequential optical detectors. Aerosols may also 
be optically sized by optical particle counters (OPC) which use the scattering properties 
of individual aerosol particles to determine their size.  
 In addition, the size of an aerosol may be determined by the electrical mobility of 
aerosol with a known charge. The relationship between particle diameter (d) and 
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electrical mobility (Z), the mobility of a charged particle in an electrical field, is given 
by: 
Z=neCc 
     3d 
 
where e is the elementary charge, n is the number of charges, Cc is the slip correction 
factor and is the viscosity of the medium. The velocity of a particle in a uniform 
electric field (VE) of strength E can then be written as: 
EV ZE=  
A differential mobility analyzer (DMA) capitalizes on the electrical mobility of aerosol 
with a known charge distribution to separate it according to size. The DMA consists of 
two concentric cylinders; the inner maintained at a high voltage, typically between 0.1 
and 10 kV, while the outer is grounded. A polydisperse aerosol that has been neutralized, 
so that the charge distribution of the aerosol is known, is introduced between the 
cylinders close to the outer wall. As each particle follows the parabolic flow between the 
cylinders it migrates across the gap between the cylinders at a rate determined by its 
electrical mobility. Larger particles move slower than smaller particles. The voltage of 
the inner cylinder is adjusted so that particles in a narrow size range are removed from 
the flow through a slit near the bottom of the inner cylinder. The width of the 
distribution of particles that are removed is controlled by the ratio of the clean air flow 
and the sample aerosol flow; higher ratios yielding smaller widths. If the voltage is held 
constant, a single aerosol size may be selected. If the voltage is scanned during 
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measurement, the size distribution of particles may be determined within the range of the 
instrument (typically 0.01m to 1m).  
 Tandem differential mobililty analyzers (TDMA; Liu et al., 1978) employ the use 
of two DMAs, the first selecting aerosol of a specific size and the second examining the 
distribution of those particles after they have been exposed to conditions that would 
cause a change in size of some of the particles (e.g. high relative humidity or heat). In 
this manner, the size-resolved properties of the aerosol can be determined. 
 Aerosol hygroscopicity and hygroscopic behavior are directly measurable using a 
TDMA, by exposing the aerosol to controlled changes in relative humidity (RH) 
between the DMAs, and can illuminate an aerosol population’s relative importance to 
many phenomena. Directly, aerosol hygroscopicity controls the size of an aerosol at a 
given RH below 100%. This change in size with relative humidity impacts the scattering 
efficiency of an aerosol population which can affect both radiation budgets and local 
visibility. The existence of an aqueous phase within the aerosol can facilitate multiphase 
reactions (Dentener and Crutzen, 1993) and the corresponding increase in surface area 
due to condensational growth can enhance other heterogeneous reactions that are 
independent of surface composition. Gas and aerosol partitioning has also been shown to 
be influenced by an aqueous phase (Anasari and Pandis, 2000). In addition, the 
hygroscopic behavior of an aerosol can be an indicator of general composition.  
 Many aerosols types exhibit hysteresis in their sub-saturated, hygroscopic growth. 
This hysteresis can be generally characterized by little to no growth of the aerosol at low 
relative humidity, where it exists as a crystalline particle. At the point when it reaches its 
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deliquescence relative humidity (DRH), it takes on water and becomes aqueous and 
continues to grow with increasing relative humidity. As the aqueous aerosol is taken 
from high relative humidity to lower relative humidity it will shrink by releasing water, 
but will remain aqueous to a lower relative humidity than the DRH. When it reaches its 
crystallization relative humidity (CRH) it will release all remaining water and return to a 
crystalline state.  
 Using knowledge of the hygroscopic growth behavior many aerosol properties 
may be resolved. It is possible to determine whether the aerosol is in a metastable or a 
crystalline state. It is possible to determine the fraction of that aerosol which is soluble in 
water if something is known about the bulk composition of the aerosol. These properties 
may additionally be used to quantify changes that occur to the aerosol. 
 The analyses presented in the following pages employ measurements of size-
resolved aerosol hygroscopic behavior to examine the aerosol’s physical and chemical 
properties and changes in those properties using TDMA analysis. Several experiments 
were performed in: College Station, Texas; Houston, Texas; and in the coastal Pacific 
near Monterey, California. These experiments examined the ambient hydration state of 
the aerosol, the diurnal cycles in the hygroscopic growth hysteresis of the ambient 
aerosol of southeast Texas, and the production of sulfate through in-cloud reactions.   
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CHAPTER II 
DIRECT MEASUREMENTS OF THE HYDRATION STATE OF AMBIENT 
AEROSOL POPULATIONS* 
 
1. Introduction 
It has become increasingly apparent that understanding the hygroscopic properties of 
atmospheric aerosols is critical to understanding many aspects of atmospheric physics 
and chemistry. The efficiency with which aerosol populations scatter light controls their 
impact on regional and global radiation budgets, and on local visibility. The dependence 
of that scattering efficiency on particle size distributions translates into a dependence on 
hygroscopicity in humid environments. The presence of an aqueous phase within an 
aerosol facilitates many multiphase reactions (Dentener and Crutzen, 1993), while the 
increased surface area that accompanies hygroscopic growth may enhance even those 
heterogeneous reactions that are insensitive to surface composition. Partitioning of many 
semi-volatile compounds between the gas and aerosol phase is also influenced by the 
presence and amount of liquid water in the aerosol (Ansari and Pandis, 2000). Although 
prediction of the hygroscopic behavior of an aerosol is not trivial, it can be estimated 
based on a description of the size-resolved particle composition. Unfortunately, 
knowledge of the hygroscopic behavior of an aerosol is not always sufficient to predict 
whether it is hydrated since, for many particle types, there can exist two stable states at a 
____________ 
*
 Reproduced by permission of American Geophysical Union. Santarpia, Joshua L., 
Runjun Li and Don R. Collins, Direct measurements of the hydration state of ambient 
aerosol populations, Journal of Geophysical Research, 109, D18209, doi: 
10.1029/2004JD004653, 2004. Copyright [2004] American Geophysical Union. 
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given relative humidity (RH). This complexity results from the hysteresis behavior 
observed for a range of compounds in which the transition from a crystalline to aqueous 
state (deliquescence) occurs at a higher relative humidity than for the aqueous to 
crystalline transition (crystallization or efflorescence). Between these RH extremes, an 
aqueous particle exists in a metastable state, where it can remain for an indefinite period 
of time (Tang and Munkelwitz, 1984). Since almost all aerosol properties are at least 
somewhat dependent upon water content, any modeling effort designed to predict those 
properties when the relative humidity is between that of crystallization and 
deliquescence must include an assumption of the ambient state of the aerosol. The 
importance of this assumption for modeling the radiative impact of aerosols was 
demonstrated by Martin et al. (2003a), who showed that the difference between the top-
of-atmosphere radiative forcing calculated assuming particles reside on the upper leg of 
the hysteresis loop was 24% greater than that calculated assuming they reside on the 
lower leg. Unfortunately, lack of information concerning the current particle 
composition distribution, the evolution of that composition over the lifetime of each of 
the particles, and the relative humidity history each particle is exposed to during that 
evolution often precludes anything beyond a guess of the true hydration state. 
 The hygroscopic growth hysteresis behavior of a variety of individual chemical 
species, as well as multicomponent mixtures of several species, has been investigated 
both theoretically and experimentally (see Martin, 2000, Table 3 for a comprehensive 
summary). Since ambient particles are rarely composed of only one compound, the 
multicomponent studies are of most direct relevance for comparison with, or 
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interpretation of, field measurements. Laboratory studies have shown that particles 
composed of mixtures of salts exhibit complex growth and evaporation behavior with 
multiple deliquescence and crystallization points (Tang and Munkelwitz, 1993). Wexler 
and Seinfeld (1991) showed that in a multicomponent aqueous droplet the deliquescence 
point for each component is at a lower relative humidity than if it were in a single 
component solution, which results in a decreased RH range over which particles may 
exist as metastable solutions. Whereas thermodynamic equilibrium models can be 
applied to predict the deliquescence RH of aqueous mixtures (i.e., Wexler and Clegg, 
2002), no comparable models exist for prediction of crystallization RH, and instead 
parameterizations based on laboratory data have been used (Martin et al., 2003b). 
Further complicating the prediction of crystallization RH is the observation that it 
increases when particles contain solid inclusions composed of substances such as 
mineral dust components (Martin et al., 2001), and organic compounds (Lightstone et al., 
2000). 
 The repeated demonstration that common aerosol types exhibit hygroscopic 
growth hysteresis, coupled with evidence that metastable aqueous solutions may exist 
for extended periods of time without undergoing crystallization, suggests that metastable 
ambient particles should be abundant. Although this is a logical conclusion, it has not 
been extensively tested. Furthermore, the compositional complexity of atmospheric 
particles may not be reflected in the laboratory aerosols studied. Observations of the 
ambient state of hygroscopic aerosol populations have suggested that a significant 
fraction of the particles do in fact reside on the metastable leg of the hysteresis loop. 
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Rood et al. (1989) used a temperature scanning nephelometer to show that the water 
associated with metastable aqueous particles was often sufficient to cause a detectable 
change in light scattering. However, determination of the partitioning of particles 
between the crystalline and aqueous states is difficult based only on integrated 
measurements of light scattering when the ratio of the concentration within the two 
populations is very different. 
 Unlike instruments such as nephelometers that provide a measure of the overall 
properties of an aerosol population, tandem differential mobility analyzers (TDMA; Liu 
et al., 1978) permit size-resolved characterization of aerosol properties such as 
hygroscopicity. The response of particles to a prescribed increase in RH has been 
examined in a number of urban environments (McMurry and Stolzenburg, 1989; Cocker 
et al., 2001) rural locations such as National Parks (Zhang et al., 1993; Dick et al., 2000), 
and in the marine atmosphere (Berg et al., 1998; Swietlicki et al., 2000). For most 
measurements made using a TDMA, the aerosol is dried prior to initial size classification. 
Even if the RH of the sample stream is not intentionally altered, any difference in 
temperature between the ambient environment and the room or other enclosure in which 
the instrument is operated will alter the RH, which may cause particles to move from 
one leg of a hysteresis loop to the other. Here we describe data collected using a 
modified TDMA to examine size-resolved ambient aerosol hydration state. Unlike 
previous investigations of ambient aerosol populations, this approach benefits from the 
ability to detect the presence of both particle populations simultaneously, even if the 
overwhelming majority of particles reside on one leg of the hysteresis loop. To assist in 
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the interpretation of these data, a second, RH-scanning, TDMA was concurrently 
operated to directly characterize the deliquescence and crystallization properties of the 
aerosol. 
2. Methodology 
 Sampling was conducted in College Station, TX between Aug 9 and Aug 12, 
2002. The two TDMAs used in this study were operated from within, or immediately 
outside of, a room on the roof above the 12th story of the Eller Oceanography and 
Meteorology Building on the campus of Texas A&M University. The height of this 
sampling location minimized influence from local sources. Because most of the 
components within the two TDMA systems used in this study were the same, a single 
schematic for both is shown in Figure 1. The subtle differences between the two systems 
are identified in the figure. Three identical Permapure PD-070-18T-24SS Nafion tube 
bundles were used within each of the TDMAs to create the desired RH profiles. High 
Flow DMAs designed by Aerosol Dynamics, Inc. (Stolzenburg et al., 1998) were 
employed in both of the instruments. Aerosol size distributions were also measured with 
a differential mobility analyzer (DMA). 
2.1. Measurement of Ambient State 
 For the system used to characterize the ambient hydration state (here referred to 
as the AS-TDMA), DMA 1 was positioned outside, under an overhang that shielded it 
from the sun until mid-afternoon. Prior to entering this upstream DMA, the sample flow 
passed through a bipolar neutralizer to bring the aerosol to a predictable charge state. 
Since the sample was not heated or cooled prior to entering the DMA, the particles 
 11 
Figure 1.  Schematic of both the ambient state and RH-scanning TDMAs. Circled V 
indicates connection to vacuum, and circled RH indicates the location of an RH 
probe. 
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remained in their ambient state. Although it was not directly measured, the temperature 
within the DMA is expected to be very close to ambient as well. The only potential 
heating source is the regenerative blower, which has been found to have a minimal 
impact on temperature in the configuration used. To examine any possible size 
dependence of the particle hydration state, this upstream DMA sequentially classified 
160 and 320 nm diameter particles. A relative humidity sensor was located outside, 
adjacent to the upstream DMA. 
 Following classification at ambient RH by the upstream DMA, the initially 
monodisperse aerosol was dried within Nafion B to below 20% RH, which is below the 
crystallization point of most common salts. The dried aerosol alternately passed through, 
or bypassed, Nafion C, which raised the sample RH to between 85 and 90%. Following 
this intermittent humidification, the sample RH was controlled to the simultaneously 
measured ambient RH by varying the water vapor pressure within the purge flow of 
Nafion D. This control technique has been used extensively to maintain a constant RH 
between the two DMAs of a conventional TDMA, but this was the first application with 
a varying setpoint. Although deviations from ambient RH were generally less than 4%, 
about half of the distributions were not considered in this analysis because the deviation 
exceeded 8% for a significant time during the measurement. Figure 2 shows the ambient 
(DMA 1) and controlled (DMA 2) RH during the sampling period on August 10. 
 The downstream DMA (DMA 2) in the AS-TDMA continuously scanned 
through particle size with a scan time of 120 s. During previous studies at this location, it 
was observed that the growth factor (hydrated diameter / dry diameter) of the more 
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Figure 2. Example of the accuracy with which the RH was controlled within the AS-
TDMA (dashed line) to match the simultaneously measured ambient RH (solid line). 
The dark shaded region at the beginning of the scan indicates a time period during 
which the deviation between ambient and instrument RH was excessive and the data 
were not considered. The drop in instrument RH at the end of the sampling interval 
(lightly shaded region) corresponds to the dry scan (AS3 in the table on p. 20) 
measurement. 
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hygroscopic fraction of the aerosol is typically less than that of pure ammonium sulfate. 
This, coupled with the fact that even pure ammonium sulfate has a growth factor of only 
1.27 when in a metastable hydrated state at the typical measurement RH of 60%, 
resulted in relatively small changes in particle size. To help discern the resulting shift in 
the measured distributions, the DMA resolution was increased by operating at a sheath 
to aerosol flow ratio of 13, rather than the more conventional ratio of 10. 
 To understand the effect the RH path within the AS-TDMA has on particle size, 
it is instructive to consider Figure 3, which shows the hygroscopic growth hysteresis of 
ammonium sulfate based on empirical fits of solution activity and density from Tang and 
Munkelwitz (1994). For those measurements in which Nafion C is bypassed, a 
hygroscopic (but not necessarily hydrated) particle is pushed from ambient RH (RHamb) 
to a low RH (RHlow), and back to RHamb. Aqueous particles that reside on the metastable 
leg of the hysteresis loop (Dm) will crystallize after exposure to RHlow, but will not return 
to their hydrated state when the RH is brought back to RHamb. These particles will have a 
final size that is Ds / Dm (< 1) of their initial size. Particles that are not hydrated (either 
hydrophobic or hygroscopic but crystalline), and those that do not exhibit deliquescence 
/ crystallization behavior will remain the same size. For those measurements in which 
the sample is humidified in Nafion C, all hygroscopic particles are hydrated upon 
reaching RHhigh. Particles that are initially crystalline will remain hydrated after the RH 
returns to RHamb, and will therefore be larger than when they were initially classified in 
the upstream DMA. The size of metastable or thermodynamically stable aqueous 
particles, and of non-hygroscopic particles, will be unchanged following the 
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Figure 3. Part A: Theoretical deliquescence and crystallization behavior of ammonium 
sulfate particles. Point C represents a dry, crystalline particle while H represents a 
hydrated solution droplet. Points M (metastable) and S (stable) represent the two 
possible states of a particle at RHamb. Part B shows the relative humidity experienced 
by an individual particle as it travels through the AS-TDMA. The particle state at three 
points along its path is indicated by labels that correspond to part A. 
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conditioning. On all but the first sampling day, additional measurements were 
intermittently made in which, following classification by the upstream DMA, the aerosol 
was dried in Nafion B, but not returned to ambient RH prior to entering the downstream 
DMA. The difference between the concentration of particles with no detectable change 
in size measured during these so-called dry scans, and that measured during the normal 
scans when Nafion C was bypassed, represents the concentration of hygroscopic, but 
non-deliquescent, particles. 
2.2. Measurement of Deliquescence / Crystallization Behavior 
To complement the ambient state measurements, a humidity-scanning TDMA (HS-
TDMA) was also operated throughout the study period. Unlike the AS-TDMA, the 
entire HS-TDMA was located inside, and the aerosol sample was dried in Nafion A prior 
to classification by the upstream DMA. Following a single measurement at a fixed RH 
of 85%, the relative humidity between the two DMAs in this instrument slowly 
decreases from about 85% to 30%, and then slowly increases back to 85%, while the 
growth factor distributions of either 160 nm or 320 nm dry diameter particles are 
continuously measured. Nafion C is bypassed during the decreasing RH measurements, 
and, as a result, the aerosol is exposed to the maximum RH it experiences within the 
instrument just as it enters the downstream DMA. If the sampled aerosol exhibits 
hysteresis, the growth factors measured during this portion of the RH scan describe the 
lower leg of the loop. During the increasing RH measurements, the aerosol classified by 
the upstream DMA is exposed to a high (>85%) RH within Nafion C and then returned 
to a lower RH in Nafion D before entering the downstream DMA. This RH conditioning 
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ensures that all hygroscopic particles are initially hydrated so that the growth factors 
measured describe the crystallization (or upper) leg of any hysteresis loop. Figure 4 
shows an example of a calibration of this HS-TDMA for which pure sodium chloride 
particles were sampled. The dashed line in the figure represents the predicted growth 
factors based on data from Tang et al. (1997). The agreement between these published 
data and the calibration results is quite good. 
 Combined, the data collected using the AS-TDMA and HS-TDMA indicate i) 
whether all or some of the hygroscopic particles exhibited hysteresis, and ii) what 
fraction of those deliquescent particles remained in a metastable aqueous state when the 
ambient RH was intermediate of the crystallization and deliquescence RH. A summary 
of the relative humidity profiles within the two TDMAs during the different 
measurements is provided in Table 1.  
 The growth factor distributions measured by both TDMAs were parameterized 
by fitting them with one or more log-normal distributions as shown in Figure 5. This was 
essential since the resolution of the DMA was often not sufficient to separate the 
different particle types into discrete growth factor modes. Distributions measured during 
AS2 and AS3 (from Table 1) scans typically had the appearance of a single, asymmetric, 
mode with a tail on the side of the smaller, secondary mode. Bimodal fits generally 
reproduced these features extremely well, while single mode fits often sufficed for the 
AS1 measurements. These parameterizations also provided a direct means for 
comparison of the distributions measured using the AS-TDMA and the HS-
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Figure 4. An example of a calibration of the HS-TDMA for which pure sodium 
chloride was analyzed. The top plot shows the recorded RH during the approximately 
one hour measurement. The spacing between the vertical lines represents the DMA 
scan time. In the lower plot, distributions measured when Nafion C was bypassed are 
presented as an intensity plot, while those measured when it was not bypassed are 
presented as a contour plot. The dashed line represents the expected growth for 
sodium chloride based on empirical fits of solution activity and density provided in 
Tang (1997). 
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Figure 5. Examples of mathematical fits of AS-TDMA distributions. The raw data 
shown in the top graphs from August 11 were fit with the log-normal distributions 
shown in the bottom graphs. 
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TDMA.  
3. Source Regions and RH History of the Sampled Aerosol 
 The AS-TDMA and HS-TDMA were operated in the morning and early 
afternoon between August 9 and August 12, 2002. As is typical for Southeast Texas 
during the summer, winds were generally from the south. Thirty-six hour back-
trajectories calculated using NOAA HYSPLIT (Draxler, 1988) with the Eta Data 
Assimilation System (EDAS) meteorological dataset are shown in Figure 6. These 
trajectories were calculated for an arrival time of 12:00 CDT and a final height of 50 m. 
Based on these trajectories, the air sampled on Aug 9, 10, and 12 had traveled from the 
Gulf of Mexico over the Houston area, while that on Aug 11 crossed much of Louisiana 
and remained to the north of Houston. The shading of these trajectories is used to 
represent the modeled RH history of the sampled air. This predicted RH history, coupled 
with National Weather Service measurements at Easterwood Airport (CLL) shown in 
Figure 7, suggest that the aerosol sampled on each of these days had been exposed to a 
relative humidity greater than 80% before or soon after sunrise. By 11:53 CDT (hourly 
reporting time for CLL), the RH at CLL had decreased to 61% on Aug 10, and to 55% 
on Aug 9, 11, and 12. Hence, the elevated RH the aerosol had been exposed to should 
have hydrated any hygroscopic particles, while the ambient RH during the sampling 
periods was below the deliquescence RH of common aerosol types such as ammonium 
sulfate (80%), letovicite (69%), ammonium nitrate (62%), and sodium chloride (75%). 
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Figure 6. Thirty-six hour back-trajectories calculated using NOAA HYSPLIT with 
the Eta Data Assimilation System (EDAS) meteorological dataset. These 
trajectories were calculated for an arrival time of 12:00 CDT and a final height of 
50 m. The shading of the trajectories is used to represent the RH history of the 
sampled air. 
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Figure 7. Relative humidity measured at Easterwood Airport (CLL) in College 
Station during the study period. 
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4. Results 
4.1. Hygroscopic Growth at Fixed RH 
 Similar to what has been observed at this location prior to and since this 
sampling period, two distinct modes were present in almost all of the measured 
hygroscopic growth distributions, with the more hygroscopic of these typically 
accounting for about 80 to 90% of the total concentration. A typical fixed RH growth 
factor distribution for 160 nm dry diameter particles is shown in Figure 8. Hygroscopic 
growth distributions measured at a fixed relative humidity of 85% were used to partition 
this more hygroscopic mode into soluble and insoluble fractions to assess the presence 
and size of any insoluble inclusions in the particles. For these calculations, it was 
assumed that the aqueous solution activity and density were represented by empirical fits 
described by Tang and Munkelwitz (1994) for ammonium sulfate. A more detailed 
description of the technique used to ascribe the soluble fraction of the aerosol based on 
hygroscopic growth is provided in Gasparini et al. (2004). The calculated fractions are 
somewhat dependent upon the salt assumed to represent the soluble component. For 
example, 160 nm dry particles that have a growth factor of 1.4 could be composed of 
53.3% ammonium bisulfate, 56.4% ammonium nitrate, or 62.7% ammonium sulfate by 
volume. However, these fractions are used only to provide a rough description of the 
likely particle composition, and are not critical for the analysis that follows. On each of 
the four days considered here, the soluble fraction was found to increase with increasing 
particle size. Averaged over the study period, the more hygroscopic population of 160 
nm particles had a volumetric soluble fraction of 0.61, while that of the 320 nm particles 
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Figure 8. Typical hygroscopic growth distribution for 160 nm particles. The 
rightmost mode is made up of the more hygroscopic particles for which hysteresis 
was observed. 
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was 0.73. This soluble contribution steadily increased over the four-day period with 
daily average volumetric soluble fractions of the 160 nm particles of 0.50, 0.60, 0.65, 
and 0.67 on Aug 9, 10, 11, and 12, respectively, and of 0.65, 0.67, 0.80, and 0.82, 
respectively, for the 320 nm particles. Although the inferred compositions of the 160 and 
320 nm particles were slightly different, size distributions measured using a DMA 
during the sampling period suggested that the majority of the particles of both these sizes 
were from the same mode. To quantify this, each of the size distributions measured 
during this period were fitted with a series of lognormals. The average parameters of the 
lognormal mode to which most of the 160 and 320 nm particles belonged were N = 1770 
cm-3, Dpg = 188 nm, g = 1.50. 
4.2. Observed Hygroscopic Growth Hysteresis 
 Hygroscopic growth hysteresis was observed in the HS-TDMA data for both 160 
and 320 nm particles on each of the four days during this study. Figures 9 and 10 show 
the results from the first RH scan during each of the four study days for 160 and 320 nm 
particles, respectively. The points in these figures represent the mean growth factors 
from the log-normal fits of the distributions. Above about 80% RH, the growth factors 
measured during the HS1 (lower leg) and HS2 (upper leg) scans were nearly identical. 
With decreasing RH, these mean growth factors for the more hygroscopic mode 
diverged as one or more soluble components in the aerosol did not deliquesce. At 
sufficiently low RH, the mean growth factors along the upper and lower legs converged 
as the metastable soluble component(s) recrystallized. One noticeable difference 
between these observed hygroscopic growth hysteresis curves and those obtained for 
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Figure 9. HS-TDMA measurements of 160 nm particles. The hollow markers 
represent the mean growth factors measured when the aerosol was humidified in 
Nafion C (upper leg), while the solid markers represent those measured when Nafion 
C was bypassed (lower leg). The marker size reflects the concentration within each 
mode when multiple modes were present. Only the first measurement on each of the 
four sampling days is shown. 
 28 
Figure 10. Same as in Figure 8, but for 320 nm particles. 
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pure salts is the non-zero growth along the lower leg at RH below that of deliquescence. 
This indicates that soluble organic and / or inorganic compounds with deliquescence 
humidities below that of the primary salt are internally mixed in the aerosol. For 
comparison with the AS-TDMA data, it is expected that metastable particles that are 
dried and then returned to ambient RH should shrink by a factor equal to the ratio of the 
growth factors along the upper and lower legs of the observed hysteresis loop. Those 
particles that are not returned to ambient RH prior to measurement by the downstream 
DMA (AS3 scans) should shrink by an amount equal to the growth factor corresponding 
to the ambient RH along either the upper or lower leg, depending on initial state. 
 Although the same two particle sizes were analyzed using both the AS-TDMA 
and the HS-TDMA, the two instruments sampled slightly different particle populations 
since the aerosol was dried when classified in the upstream DMA in the HS-TDMA, but 
was frequently hydrated when classified in the upstream DMA in the AS-TDMA. 
However, the similarity between the hygroscopic properties of the 160 nm and 320 nm 
particles suggests that the compositional differences between the slightly different dry 
particle sizes measured by the two instruments is negligible. 
 The RH scan measurements do not provide direct information about the ambient 
state of the aerosol, but they do indicate over what RH range ambient particles could 
exist in a metastable state. The minimum and maximum RH for which there was a 
separation between the growth factors measured with the HS-TDMA when Nafion C 
was bypassed (HS1) and when it was not (HS2) were recorded for each of the RH scans. 
The ambient RH was then compared with these ~1 hr average RH minima and maxima. 
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Figure 11 shows the relationship between these for each of the four days considered. 
Since the ambient RH remained between the primary deliquescence and crystallization 
points of the dominant aerosol type, metastable aqueous particles could be present in the 
ambient aerosol throughout the sampling period. 
4.3. Ambient Hydration State 
 During the study period, 82 separate AS-TDMA measurements were made, of 
which 46 were discarded due to unacceptable deviation between the instrument and 
ambient RH. Examples of AS-TDMA measurements for 160 and 320 nm particles are 
shown in Figures 12 and 13, respectively. In each of the graphs within these figures, 
only the parameterized fit of the distributions is shown since it more clearly shows the 
frequent presence of secondary, low concentration, modes. The distributions shown were 
chosen to represent the range of observations, even though that range was quite narrow. 
As was true for every measurement made during this study, there exists a clear mode 
centered at Dp / Dp* (= final / initial) less than 1.0, which results from initially metastable 
particles that shrink as they are brought to their thermodynamically favored state. Were a 
significant fraction of the hygroscopic particles on the lower leg of the hysteresis loop, a 
secondary mode would exist in the AS1 measurements, with a mean Dp / Dp* greater 
than one. If these initially crystalline particles were present in the aerosol, their 
concentration was too low to produce an identifiable mode, which indicates that almost 
all particles that could be on either leg of the hysteresis loop were on the metastable (or 
upper) leg. Tables 2 and 3 summarize the study results for 160 and 320 nm particles, 
respectively. Each of the values describing the ambient state measurements (AS1 and 
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Figure 11. Ambient relative humidity (thick, solid line) during the sampling period 
on each of the four days. The shaded regions in these graphs indicate the relative 
humidity range over which hysteresis was observed in the HS-TDMA data. The 
dashed line in the upper two graphs represents a brief interruption in operation. 
Metastable aqueous particles may exist when the ambient RH is in the shaded region. 
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Figure 12. AS-TDMA measurements of 160 nm particles. 
 
 33 
Figure 13. AS-TDMA measurements of 320 nm particles. 
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Table 2.  Summary of measurements of 160nm particles. 
Table 3.  Summary of measurements of 320 nm particles. 
 35 
AS2) represents an average of four sequential scans, while the values describing the dry 
scan measurements (AS3) represent an average of two sequential scans. Also included in 
the tables is a comparison between the change in particle size measured during the 
ambient state measurements, and that predicted based on the two possible growth factors 
at the same RH measured with the HS-TDMA. These complementary measurements 
were in agreement for most of the sampling intervals. Those differences that were 
observed were likely caused by variability in the aerosol over the averaging times for 
each of the instruments. Consistent with the observed non-zero growth of the particles 
on the lower leg of the hysteresis loop in the HS-TDMA data, the initially metastable 
particles that were returned to ambient RH were slightly larger than those for which the 
RH remained low. This size difference is attributed to water uptake by other soluble 
compounds, probably some or all of which were organic. 
5. Conclusions 
 Despite the spatial and temporal specificity of this study, the data collected 
suggest that ambient hygroscopic particles frequently remain aqueous even after the 
ambient RH falls below that at which thermodynamics would dictate that the particles 
crystallize. This result is not necessarily surprising based on laboratory and theoretical 
studies that show that many common aerosol types will exhibit hygroscopic growth 
hysteresis, and that particles may exist on the metastable leg of that hysteresis loop for 
extended periods of time. However, the complexity of the ambient environment, and of 
the ambient aerosol, makes the accuracy of applying or extrapolating these laboratory 
and theoretical results uncertain. Although no attempt to directly measure the aerosol 
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composition was made in this study, the measured hygroscopic properties are consistent 
with a mixture of ammonium sulfate and soluble and insoluble organic compounds, 
which is a representative mix for aerosols in many regions around the world. The 
expectation that a significant fraction of hygroscopic particles will be aqueous when the 
ambient RH is below their deliquescence RH has important implications for their 
radiative impact, and for our ability to accurately model their behavior and evolution. 
Although the aerosol sampled and the meteorological conditions during sampling are not 
believed to be atypical, it would still be beneficial to augment these data with similar 
measurements made at different locations, different times of the day, and different 
months of the year. 
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CHAPTER III 
DIURNAL CYCLES IN THE HYGROSCOPIC GROWTH CYCLES OF  
 AMBIENT AEROSOL POPULATIONS* 
1. Introduction 
 The properties, impacts, and lifetime of an aerosol are strongly dependent upon 
its hygroscopic behavior.  Particle size and water content directly affect everything from 
the light scattering efficiency of a particle, to its role in heterogeneous reactions 
(Dentener and Crutzen, 1993) and gas-aerosol partitioning (Ansari and Pandis, 2000).  
Although hygroscopic behavior can not be unambiguously related to aerosol 
composition, it can be used to infer the relative abundance of soluble and insoluble 
species as a function of particle size (Gasparini et al., 2004).  If the bulk composition of 
an aerosol can be constrained with supplementary measurements, the hygroscopic 
behavior of an aerosol can often be used to determine the soluble compounds present.  
Identification of aerosol types based only on hygroscopic growth at a fixed RH is 
challenging since many species exhibit similar growth.  Furthermore, the hygroscopic 
growth of a particle is not only determined by the properties of those soluble species 
present, but also by the unknown abundance of insoluble compounds.  A characteristic 
that is more uniquely related to aerosol composition is the hysteresis observed in 
hygroscopic growth as RH is increased or decreased.  The hygroscopic behavior of pure 
ammonium sulfate particles is presented in Figure 14 to provide an example of this 
____________ 
*
 Reproduced by permission of American Geophysical Union. Santarpia, Joshua L., 
Runjun Li, Roberto Gasparini and Don R. Collins, Diurnal Variations in the hygroscopic 
growth cycles of ambient aerosol populations, Journal of Geophysical Research, in press, 
2004. Copyright [2004] American Geophysical Union. 
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Figure 14.  Hysteresis behavior of ammonium sulfate particles. The points along the 
curve represent the parameters used to describe the hysteresis properties of the 
ambient aerosol. 
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hysteresis.  A crystalline particle exposed to increasing RH will remain unchanged until 
reaching its deliquescence relative humidity (DRH).  After the particle reaches its DRH, 
it takes on water to become an aqueous droplet, and continues to grow with increasing 
RH. As the RH the aqueous aerosol is exposed to decreases, the particle will shrink as 
water evaporates, but will remain aqueous as a metastable solution droplet even as the 
RH is reduced below the DRH.  After the RH is reduced to the crystallization relative 
humidity (CRH) of the aerosol, the particle releases all remaining water and returns to a 
crystalline state.  The existence and appearance of this type of loop in a plot of growth 
factor vs. RH that results from this hysteresis can be used to identify the ratios of certain 
soluble ions.  
 Hysteresis in the hygroscopic response of an aerosol has been observed in the 
laboratory for inorganic salts such as ammonium sulfate [(NH4)2SO4], letovicite 
[(NH4)3H(SO4)2], ammonium bisulfate [NH4HSO4], ammonium nitrate [NH4NO3], and 
sodium chloride [NaCl] (Tang and Munkelwitz, 1977; Cohen et al., 1987; Tang and 
Munkelwitz, 1994; Dougle et al., 1998).  Hysteresis has also been observed for some 
organic compounds that are commonly found in atmospheric aerosol particles (Peng and 
Chan, 2001).  While there has been general consensus on the behavior of some salts such 
as ammonium sulfate, differences in experimental conditions and characterization 
techniques have resulted in some discrepancies in reported values for other species. 
Disagreement regarding the value, and even existence, of CRH for ammonium bisulfate 
has been attributed to impurities that may have heterogeneously seeded the 
crystallization (Martin, 2000).  The behavior of ammonium nitrate has also proven 
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difficult to observe due to its high volatility at ambient temperatures.  Compounds such 
as sulfuric acid (H2SO4) exhibit no hysteresis since they remain aqueous across the entire 
spectrum of RH.  
 In contrast to the specific compounds that are studied in the laboratory, the ratio 
of ammonium to sulfate within atmospheric aerosol particles varies over a continuum.  If 
this ratio is very low (much less than 1:1) the hygroscopic behavior of the particle will 
be similar to that of sulfuric acid, exhibiting no hysteresis.  As the ammonium to sulfate 
ratio is increased towards 1:1, the hygroscopic behavior of the particle will more closely 
resemble that of ammonium bisulfate, which still may not exhibit hysteresis under 
typical atmospheric conditions.  If the ratio is further increased into a regime where the 
ionic balance resembles letovicite (3:2) or ammonium sulfate (2:1), hysteresis will 
become pronounced.  This indicates that for an aerosol in which ammonium and sulfate 
are the primary inorganic soluble species, the acidity of the aerosol will be reflected in 
the degree to which it exhibits hygroscopic growth hysteresis.  This link may be useful 
for understanding the health impact of an aerosol since there is evidence that impact is 
dependent upon acidity (Gwynn et al., 2000).  Aerosol acidity has also been shown to 
influence secondary organic aerosol (SOA) production (Jang et al., 2002).  In the study 
of these and other effects, inference of particle acidity through measurements of 
hygroscopic behavior can complement measures of total or fine-mode aerosol acidity 
that may not capture any dependence on particle size that exists. 
 Many techniques have been developed to measure the hygroscopic behavior of 
ambient aerosols.  A number of research groups, applying a range of humidity control 
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approaches, have employed nephelometers to measure the RH dependence of the light 
scattering properties of an aerosol (Rood et al., 1985; ten Brink et al., 2000; Day et al., 
2000).  Although these measurements offer no information on the uniformity or size 
dependence of the hygroscopic properties, the fast time response of nephelometers 
permits rapid variation of RH to characterize evolving aerosols at the surface, or 
spatially heterogeneous aerosols from on board aircraft.  Gas chromatographs coupled 
with thermal conductivity detectors (GC-TCD) have been used to directly measure the 
liquid water present within an aerosol collected on a filter (Chang and Lee, 2002; Lee 
and Chang, 2002).  As with variable-RH nephelometers, use of a GC-TCD provides only 
a bulk measure of the hygroscopic properties of an aerosol, although it benefits from its 
relative insensitivity to other properties of the aerosol such as size distribution.  The 
Tandem Differential Mobility Analyzer (TDMA; Liu et al., 1978) has become the most 
commonly employed instrument for observing the size-resolved hygroscopic behavior of 
an ambient aerosol (e.g., McMurry and Stolzenburg, 1989; McMurry et al., 1996).  Most 
often, the RH an aerosol is exposed to within a TDMA is fixed in order to minimize the 
time needed to measure hygroscopic growth at several distinct particle sizes.  By 
measuring the response of an aerosol to a range in RH, it is possible to characterize the 
upper and lower legs of any hysteresis loop present, which provides much greater insight 
into the composition of the hygroscopic species than fixed RH measurements alone.   
 In the following, we describe data collected using a humidity-scanning TDMA 
(HS-TDMA) to examine the hygroscopic behavior of particles in Houston and College 
Station, TX.  Although no direct measurements of composition were made during this 
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study, the aerosol in this region at the same time of year was characterized extensively 
during both the Texas Air Quality Study (TexAQS) in 2000 and the Houston Supersite 
campaign in 2000 and 2001.  Russell et al. (2004) described the daily mean aerosol 
composition in southeast Texas based on PM2.5 data recorded during the Houston 
Supersite project.  They showed that average daily organic carbon to elemental carbon 
(OC/EC) ratios were higher than would be expected solely from primary emissions, 
suggesting that secondary OC is important in the region.  Their analysis also showed that 
the ammonium to sulfate ratio varied from about 1.44 to 1.70.  Nitrate comprised only 
about 5.5% of the average fine mode aerosol mass concentration, while sulfate 
comprised 32%.  The corresponding molar ratio of SO42- : NO3- of about 3.7:1, coupled 
with the likely association of nitrate with species other than ammonium, suggests that, 
on average, ammonium is typically associated with sulfate.  
2. Methodology 
 Sampling was conducted in College Station, TX between August 3 and August 
20, 2002, and in Houston, TX between September 17 and September 24, 2002.  In 
Houston, sampling was conducted at ground level in a climate-controlled trailer located 
on the east side of the city, just north of the ship channel.  This region is characterized by 
a high concentration of industrial and petrochemical refining facilities.  Measurements in 
College Station were made either from within a room on the roof above the 12th story of 
the Eller Oceanography and Meteorology Building on the campus of Texas A&M 
University, or on the 10th floor of the same building.  The height of these sampling 
locations minimized the influence from local sources.  Since the prevailing winds during 
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the study period were typically from the south or southeast (Figure 15), the aerosol 
properties and meteorology in Houston and 100 miles to the northwest in College Station 
are expected to be similar, with the primary differences attributable to local pollution 
sources in the Houston area.   
 A schematic of the TDMA system used in this study is shown in Figure 16. 
Three identical Permapure PD-070-18T-24SS Nafion tube bundles were used within the 
TDMA to create the desired RH profiles.  Two High Flow differential mobility analyzers 
(HF-DMAs) designed by Aerosol Dynamics, Inc. (Stolzenburg et al., 1998) were 
employed in the instrument to enhance the count rates during the necessarily rapid 
measurements. Complementary measurements of aerosol size distributions spanning a 
diameter range of 10 to 500 nm were used only to determine aerosol volume 
concentrations within that size range.  The primary measurements used in this study 
were made with the HS-TDMA. Within this instrument, the aerosol sample is dried in 
Nafion A to an RH of less than 20% prior to classification by the upstream DMA.  
Following a single measurement at a fixed RH of 85%, the relative humidity between the 
two DMAs slowly decreases from about 85% to 30%, and then slowly increases back to 
85%. While the RH is varied, the growth factor distribution is continuously measured as 
the downstream DMA scans through particle size over a period of approximately 40 s.  
Nafion B is bypassed during the decreasing RH measurements and, as a result, the 
aerosol is exposed to the maximum RH it experiences within the instrument just as it 
enters the downstream DMA.  If the sampled aerosol exhibits hysteresis, the growth 
factors measured during this portion of the humidity scan describe the lower leg of the 
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Figure 15. Map showing the two sampling sites (TAMU and HRM-3), and wind 
roses for the months of August and September. Wind roses were created from 
measurements made at the Bush Intercontinental Airport in Houston (IAH) using 
data from 1961 to 1990, and were obtained from the United States Department of 
Agriculture Natural Resources Conservation Service. 
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Figure 16.  Schematic of the RH scanning and temperature scanning TDMA.  Circled 
V indicates connection to vacuum, circled T indicates a temperature probe, and 
circled RH indicates the location of an RH probe. 
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hysteresis loop.  During the increasing RH measurements, the aerosol classified by the 
upstream DMA is exposed to a high (>85%) RH within Nafion B and then returned to a 
lower RH in Nafion C before entering the downstream DMA.  This RH conditioning 
ensures that all hygroscopic particles are initially hydrated so that the growth factors 
measured describe the metastable (or upper) leg of any hysteresis loop. The total time to 
measure both the upper and lower leg of the hysteresis loop varied between 30 and 45 
minutes. Despite the fact that the sheath flow RH is not controlled, there is relatively 
little uncertainty in the RH that the aerosol particles experience in each DMA. Despite 
the fact that there are differences in the RH of the sheath and aerosol flows, the 
experimental setup still allows accurate determination of the RH relevant to the 
measurement. Since the maximum RH, during a lower leg measurement, and the 
minimum RH, during an upper leg measurement, occur within the DMA, the RH 
measurement made at the outlet of the DMA is the RH relevant to both the growth factor 
observed and to any change in hydration state. Initially, these measurements were made 
for particles with dry diameters ranging from 12 to 400 nm.  It was observed that the 
larger particle sizes displayed the hysteresis behavior most clearly.  Measurements were 
then focused on 160 nm and 320 nm particles.  This was further restricted to 160 nm dry 
diameter particles because the concentration of those particles was much higher, 
allowing easier interpretation of the changes in hysteresis. 
 The growth factor distributions measured with the HS-TDMA were 
parameterized by fitting them with one or more log normal distributions.  Although as 
many as four modes would sometimes be necessary to describe a single HS-TDMA 
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distribution, a single mode typically dominated the distribution.  Occasionally, two 
modes would be of almost equal magnitude, but this occurred only in the vicinity of 
phase transitions (deliquescence/crystallization).  Once the growth factor distributions 
were fitted, the parameters describing the dominant hygroscopic mode were used to 
describe the hysteresis properties of the aerosol. For this study, deliquescence RH (if 
any), crystallization RH (if any), growth factor of the lower leg at 60% RH (GF60), and 
the ratio of the growth factors on each leg of the hysteresis loop at 50% RH (GFR50) 
were chosen to represent the different aspects of hysteresis properties observed in each 
HS-TDMA measurement. Each of these parameters is identified in Figure 14. The DRH 
is determined as the RH at which at least half of the particles measured during a lower 
leg measurement have a growth factor that is equivalent to the growth factor measured at 
the same RH in the corresponding upper leg measurement. Similarly, the CRH is defined 
as the RH at which at least half of the particles measured during an upper leg 
measurement have a growth factor that is equivalent to the growth factor measured at the 
same RH in the corresponding lower leg measurement. The difficulty in determining an 
absolute CRH or DRH is complicated by the mixed composition of the ambient aerosol. 
Ambient aerosol often does not display sharp transitions at deliquescence and 
crystallization. Therefore, defining a precise RH at which these transitions occur can be 
extremely difficult. The CRH is particularly difficult determine because the change in 
growth factor is small compared to that of deliquescence in most cases. The 60% RH 
growth factor, the deliquescence RH, and the crystallization RH were each normalized 
with respect to their maximum and minimum daily values according to the following: 
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In the above, VN represents the normalized value, Vo represents the observed value and 
Vmax and Vmin represented the observed maximum and minimum values observed for 
that parameter on each day. This was done to reduce the effect of day-to-day variations 
in the composition of the soluble fraction of the aerosol. Only days with 5 or more 
measurements were used in this analysis to ensure that reasonable maximum and 
minimum values were obtained. 
 Intermittent aerosol volatility measurements were also made during a few of the 
study days.  For these measurements, the temperature in the heated tube shown in Figure 
16 is initially raised to just over 300° C.  Over a period of 45 minutes the heater is then 
allowed to cool to ambient temperature again.  After exiting the heated tube, the non-
volatile fraction of the initially monodisperse aerosol is humidified to ~85% RH.  This 
post-heating humidification permits identification of the hygroscopic and non-
hygroscopic fractions to enable examination of the volatility behavior of the two 
populations.  Growth factor distributions are recorded approximately every minute, 
resulting in a temperature resolution of about 10° C. By determining the temperature at 
which most of the hygroscopic particles volatilize, the dominant inorganic species 
present can be inferred. 
 The objective of this analysis is to identify variables that are correlated with 
hygroscopic growth behavior.  A range of environmental parameters were considered. 
Atmospheric observations from automated local weather stations (Easterwood Airport in 
 49 
College Station and Bush Intercontinental Airport in Houston) were used in conjunction 
with the aerosol measurements.  These meteorological measurements, which are 
recorded hourly, were linearly interpolated to the times of HS-TDMA scans.  The 
atmospheric variables considered in this analysis are temperature, relative humidity, and 
wind direction. Any process which changes the aerosol composition may also add mass 
to the aerosol. This additional mass might be observed in the aerosol volume or mass 
concentrations. Measured size distributions were used to determine the sub-500 nm 
aerosol volume concentration in College Station. The size range covered was usually 
sufficient to capture the peak in the fine mode volume distribution.  The volume 
distributions were then fit with a series of log normal distributions. The volume in each 
of the modes is then summed to determine a cumulative fine mode volume. In this 
manner, so long as the peak of a volume distribution is captured, the volume within the 
entire mode can be determined from the log normal fit. Because aerosol size 
distributions were not measured in Houston, hourly PM2.5 data recorded by the Texas 
Commission on Environmental Quality were used in the analysis of the data there.  
 In order to gain insight into the mechanisms responsible for observed changes in 
the hygroscopic growth hysteresis, correlations with the range of aerosol and 
environmental parameters discussed above were examined.  In cases where these 
analyses showed some significant relationship with more than a single variable, 
correlations combining all appropriate variables were evaluated.  In all cases, measured 
aerosol volume concentration or PM2.5 mass concentration was considered together 
with RH and temperature.  To be confident that the results were not skewed by rapid 
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meteorological changes or atypical conditions, measurements were omitted if they were 
made while the wind was changing dramatically (more than 90 degrees of change in a 2 
hour period), while the dew point was below 15.5° C, while the temperature was above 
35° C, and while it was raining.  In addition, when the temperature was below 25° C, 
almost no correlation could be observed between GFR50 and any atmospheric variable.  
Therefore, all data points below 25° C were excluded from those analyses to ensure that 
the existing relationships were not obscured.  Using these relationships, inferences can 
be made regarding the cause of the observed changes in hysteresis properties. 
3. Observations and Results 
 Examination of the parameterized HS-TDMA data indicated that the degree of 
hysteresis varied cyclically over a twenty-four hour period.  An example of this daily 
transformation is shown in Figure 17.  A clearly defined hysteresis loop was commonly 
observed between late evening and early morning.  Beginning in mid-morning, growth 
factors along the lower leg of the hysteresis loop began to increase.  By afternoon, the 
separation between the lower and upper legs of the hysteresis loop was very small, and 
occasionally no hysteresis was observed.  This trend usually began to reverse in late 
afternoon or early evening.  These changes were observed to some degree on every day 
that measurements were made and seemed to occur in an incremental and consistent 
pattern.  Due to the rate that changes in aerosol composition were occurring, the 30 to 45 
minute measurement time occasionally resulted in different growth factors measured for 
RH above deliquescence during the upper and lower leg measurements (Figure 17 at 
12:21). The expectation that the diurnal changes in the hysteresis properties of the 
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Figure 17. Parameterized RH Scan measurements from August 13, 2002. Solid 
diamonds represent measurements made when humidity was decreasing (metastable 
leg) and open diamonds represent measurements made while humidity was 
increasing (stable leg). Diamond size reflects the fraction of the total concentration in 
the given mode. Initially the hysteresis is very distinct, but it begins to collapse by 
the 10:08 measurement. By 20:42 the hysteresis has once again become distinct.  
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aerosol would be correlated with the diurnal cycle of an atmospheric variable such as 
temperature or relative humidity motivated the attempt to establish relationships between 
these variables.  
Variability in the composition of the inorganic fraction of the aerosol is likely 
responsible for part or all of the observed cycles in hygroscopic properties. Based on 
local aerosol compositional climatology, it is expected that NH4+, SO42-, and NO3- are 
the primary inorganic ions present in the soluble fraction. Several possible explanations 
for the observed changes were explored; however, the most plausible of these 
possibilities is the addition of SO42- during the day.  If ammonia concentrations are high 
enough for ammonium nitrate to be present early in the morning, the ammonium to 
sulfate ratio is expected to be greater than 2:1.  As sulfate is added to the aerosol, it 
would initially displace the nitrate, decreasing the overall ammonium to sulfate ratio.  
The DRH of a mixture of ammonium nitrate and ammonium sulfate is less than that of 
pure ammonium sulfate (Rood et al., 1985).  Therefore, this initial change would lead to 
an increase in DRH.  However, after the nitrate has been fully displaced, sulfate would 
continue to condense on, or be formed within, the particles.  This increase in sulfate 
would further decrease the ammonium to sulfate ratio and increase the particle acidity.  
Both gas phase and aqueous phase sulfate production are likely to be enhanced in the 
afternoon when OH·, O3, and H2O2 concentrations are highest, and when convective 
clouds are abundant in this region.   
The size-resolved aerosol volatility measurements were used to further constrain 
the composition of the soluble component of the aerosol.  Figure 18 shows one 
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Figure 18.  Temperature scan measurements (a) from College Station and (b) from 
Houston. The sharp drop in concentration in the hygroscopic mode between 180 and 
200° C degrees in both plots suggests that ammonium and sulfate are the primary 
ions in the soluble fraction of the aerosol. Both measurements also indicate the 
presence of residuals that do not volatilize below 300° C. 
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temperature scan made on August 28 at the College Station site and one from September 
18 at the Houston site. Consistent with other temperature scans made throughout each 
period, the hygroscopic fraction of the aerosol volatilized at temperatures between 180° 
and 200° C on both of these days.  Published values of the volatility temperature for 
(NH4)2SO4 range from about 200° to 240° C (Pinnick et al., 1987; Jennings and O’Dowd, 
1990; Clarke, 1991; O’Dowd et al., 1992; Brooks et al., 2002), while that of NH4HSO4 is 
about 147° C (Brooks et al., 2002).  The similarity between the volatility properties of 
the measured aerosol and those of pure sulfates supports the conclusion that the primary 
volatile fraction of most of these hygroscopic particles is some combination ammonium 
and sulfate ions, since other common aerosol species volatilize at significantly different 
temperatures.  These measurements also show that non-refractory residuals that do not 
volatilize at temperatures as high as 300 oC are present within most or all of the 
hygroscopic particles.  These residuals are believed to be composed of some 
combination of ash, mineral dust, and organic and elemental carbon.  
 As noted in the methodology, several quantities were used to characterize the 
shape of the hygroscopic growth hysteresis loop.  These include the DRH, the CRH, the 
growth factor at 60% RH along the lower leg (GF60), and the ratio of the growth factor 
of a particle on the upper leg of the hysteresis to that of one on the lower leg at 50% RH 
(GFR50). Each of these was selected to represent a different aspect of the change that 
was observed to occur, as described at the beginning of the section. These quantities 
were compared with the aforementioned atmospheric variables (temperature, RH, and 
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wind direction), as well as the measured aerosol volume or PM2.5 mass concentration.  
Results for College Station and Houston are presented separately below.  
 The analysis within this paper is focused on the interpretation of compositional 
variability based on hygroscopic behavior.  Even so, there are aspects of the behavior 
itself that are of importance.  Despite the differences between the two sites, the 
relationships between ambient RH and the CRH and DRH of the aerosol were quite 
similar.  While CRH was difficult to determine with an accuracy that could be used to 
track changes in the aerosol composition, the measurements were clear enough to 
determine that the CRH was, in all cases, well below the ambient RH.  The 
measurements also indicate that the ambient RH exceeded the DRH during each 24- 
hour period.  This would suggest that most, if not all, of the aerosol particles that exhibit 
hysteresis in their hygroscopic growth should remain in an aqueous state throughout the 
day.  This assertion is supported by measurements during this same period of the 
ambient hydration state of size-resolved particles (Santarpia et al., 2004). 
 Measurements made in College Station suggest a strong relationship between 
increasing temperature and the observed compression of the hygroscopic growth 
hysteresis loop.  This relationship is shown in correlations with DRH (Figure 19a), GF60 
(Figure 20a), and GFR50 (Figure 21a).  This compression also appears closely related to 
a decrease in ambient RH (Figure 19-21b).  The similarity in the strength of correlation 
with temperature and RH is not surprising since the ambient temperature and RH are 
very strongly anti-correlated in this dataset (Figure 22a), suggesting that the dew-point 
was fairly constant over the sampling period.  Correlations of DRH, GF60, and GFR50 
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Figure 22. Scatter plots showing the relationship between ambient temperature and 
ambient RH during the sampling periods in College Station (a) and Houston (b). 
Each point represents the RH at the midpoint of each hysteresis measurement, and all 
measurements made during each period are shown. Only the black (good) data points 
are used to determine the R2 values. The fractions of excluded data (27% (a); 31% 
(b)) are shown in the pie chart with colors representing the reason for excluding each 
measurement. 
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with wind direction have very low R2 values, which implies that variability in aerosol 
source region is not closely related to the observed changes in hysteresis.  When both 
RH and temperature are considered together in the analysis, the R2 values improve 
(Figure 19-21f), but only slightly.  By itself, aerosol volume does not seem to be 
strongly correlated with any of the characteristics of the hysteresis loop (Figure 19-21c), 
but when combined with temperature or RH, it does seem to improve the correlation 
(Figure 19-21d and e).  This indicates that, while other effects may obscure it, the 
volume concentration of pre-existing aerosol may be important. 
 Fewer measurements were made in Houston than in College Station, and those 
that were made were often influenced by local aerosol sources, which complicated 
interpretation of changes in DRH and GF60.  Despite the greater temporal heterogeneity 
of the aerosol observed in Houston, cyclic changes similar to those observed in College 
Station were detected.  For the measurements made in Houston, the relationship between 
GFR50, temperature, and RH was similar to that in College Station (Figure 23), 
indicating that the same type of change in the aerosol was also occurring at this location.  
Correlations with temperature or RH individually were not as strong as those seen with 
the College Station data (R2 values of 0.08 for temperature and 0.47 for RH, as compared 
to ~0.75 for both in College Station).  The dew point in College Station was very stable 
throughout the measurement period, consistent with typical August weather conditions 
in this region.  The dew point in Houston, however, was more variable, as shown by the 
complicated relationship between temperature and RH (Figure 22b).  As with the data 
collected in College Station, there was no indication that local source region, as 
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determined by wind direction, was related to the observed changes in hysteresis.  Since 
size distribution measurements like those made in College Station were not available in 
Houston, measurements of PM2.5 mass concentration were used to examine the 
influence of pre-existing aerosols on observed changes.  The relationship between 
PM2.5 mass concentration and the changes in hysteresis behavior (Figure 22c) is 
considerably stronger than the relationships between volume concentration and the 
changes observed in College Station.  
4. Discussion 
 The overall results of this analysis suggest that the hygroscopic fraction of the 
aerosol in both College Station and Houston experiences some cyclic change in its 
composition that is correlated with ambient temperature, RH, and aerosol volume/mass 
concentration.  Based on the regionally-representative aerosol composition presented by 
Russell et al. (2004), and on measurements of both the DRH and aerosol volatility, it is 
believed that this change is related to changes in the soluble ion ratio in the particles.  
The mechanism(s) responsible for that change were investigated. 
 The ISORROPIA aerosol thermodynamics model (Nenes et al., 1998a, b) was 
used to examine the possibility that changes in temperature could be directly responsible 
for the observed changes in hygroscopic growth hysteresis.  To reflect the regionally-
representative aerosol composition described by Russell et al. (2004), the model was 
initiated with a sulfate to nitrate molar ratio of 3.7:1 and enough ammonium to balance 
the charge.  Temperature was varied between 20° C and 34° C, while water vapor was 
held constant, resulting in a corresponding decrease in RH from 98% to 42%.  Over this 
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temperature and RH range, approximately 27% of the aerosol phase nitrate would be lost 
to the gas phase along with 3% of the ammonia.  As discussed above, the loss of nitrate 
with increasing temperature would lead to an increase in the DRH of the aerosol.   
Accompanying this change must be one or more additional transformations that result in 
more significant changes since the observed evolution in DRH with increasing 
temperature is opposite of that which would be expected due to nitrate loss.   
Since nitrate represents such a small fraction of the aerosol and its loss due to 
increasing temperature does not explain the dependence of hygroscopic behavior on 
temperature, the almost-daily cycle of collapse and then separation of the upper and 
lower legs of the hysteresis loop is very likely due to an increase in sulfate mass. Gas 
phase production of sulfate is expected to peak in the afternoon when OH concentration 
is highest.  Convective clouds are abundant in southeast Texas during the late morning 
and early afternoon, which, coupled with high O3 and H2O2 concentrations, will also 
contribute to a mid-day maxima in sulfate production through aqueous phase reactions.   
Therefore, if excess ammonia is not available, the ammonium to sulfate ratio will 
decrease in the late morning and early afternoon, coincident with increasing temperature 
and decreasing RH.  There may also be feedbacks that further alter aerosol hygroscopic 
behavior in response to increased sulfate concentration.  For example, addition of SOA 
to the increasingly acidic hygroscopic particles may be enhanced through acid-catalyzed 
reactions (Jang et al., 2002; Czoschke et al., 2003).  Many recent studies (Hansson et al., 
1990; Saxena et al., 1995; Hansson et al., 1998; Xiong et al., 1998) have shown that 
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organics may significantly change the DRH and CRH of a hygroscopic aerosol and may 
also cause it to absorb water prior to deliquescence.   
Based on the extent to which hygroscopic behavior varied throughout a day, use 
of seasonal or even daily averages of the ammonium to sulfate ratio could lead to 
misconceptions about the behavior and influence of the aerosol.  For instance, Russell et 
al. (2004) state that the ratio of ammonium to sulfate is approximately 1.5:1 during the 
late summer.  However, our examination of the hygroscopic properties of these particles 
suggests that over the course of the day the ammonium to sulfate ratio might vary 
between 2:1 and less than 1:1.  Evidence for this cyclic variation in the ammonium to 
sulfate ratio was also found in data collected during TexAQS 2000.  Measurements 
made with the particle into liquid sampler (PILS; Weber et al., 2001) between August 13, 
2000 and September 13, 2000 were used to determine the ammonium to sulfate ratio 
within the fine mode aerosol.  These data suggest that the peak NH4:SO4 of about 1.92 
occurs between 04:00 and 08:00 and that this ratio declines sharply after 10:00 to 
approximately 1.76 (Rodney Weber personal communication, 2004). Even though the 
PILS data does not indicate as dramatic a change as was observed in this study, the 
qualitative behavior is the same.   
A conceptual model that can explain the observed behavior is shown in Figure 24.  
In the early morning, when the temperature is at a minimum and RH at a maximum, the 
ammonium to sulfate ratio in the aerosol will typically be 2:1 or higher.  Since sulfate 
will not be efficiently produced through either gas or aqueous phase reactions at this 
time, the aerosol can be fully neutralized by the existing ammonium.  Following sunrise, 
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Figure 24. Conceptual model that explains the cycles observed in aerosol hygroscopic 
behavior.  
 
 66 
gas phase and aqueous phase sulfate production increases.  When the nitrate that was 
initially associated with ammonium has been completely displaced by sulfate, the 
ammonium to sulfate ratio will begin to decrease.  As sulfate production peaks in the 
mid-afternoon, the ammonium to sulfate ratio will be at a minimum and the aerosol 
acidity will be at its peak daily value.  Already high SOA production resulting from high 
oxidant concentrations may be further enhanced during this period through acid-
catalyzed reactions on the sulfate aerosol.  The decreasing ammonium to sulfate ratio 
also impacts the phase of the aerosol.  The transition from high to low ammonium to 
sulfate ratio results in a CRH cycle that is in phase with the ambient RH cycle.  This 
prevents the ambient RH from falling below the CRH, which causes the hygroscopic 
aerosol to remain aqueous throughout the day.  This cycle in particle acidity may also be 
of significance with respect to the impact of the aerosol on human health.  A recent study 
by Gwynn et al. (2000) demonstrated that respiratory hospitalization and mortality rates 
had very high correlations with both H+ and SO42- concentrations in the particulate phase.  
Unfortunately, the peak in aerosol acidity inferred from these data occurs at a time when 
outside activity is expected to be high. 
In summary, the results of this study suggest that the aerosol in southeast Texas 
is subject to variations in the relative concentration of ammonium and sulfate throughout 
the day.  This diurnal variation in the ammonium to sulfate ratio is likely caused by an 
enhancement in sulfate production during the late morning and afternoon.  Although data 
were only collected in a limited geographical area, the aerosol in this region is similar to 
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that in many other parts of the world, suggesting that this type of cycle may influence 
aerosol properties elsewhere. 
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CHAPTER IV 
 
ESTIMATES OF AQUEOUS-PHASE SULFATE PRODUCTION USING TANDEM 
DIFFERENTIAL MOBILITY ANALYSIS 
 
1. Introduction 
 Aerosol-cloud interactions are not only important to the fundamental properties 
of clouds, but are also important in shaping the distribution and chemical composition of 
the aerosol. Clouds may modify aerosol populations simply by preferentially scavenging 
and precipitating cloud condensation nuclei (CCN), or by adding mass to the activated 
aerosol through aqueous phase reactions. This additional material can change the size, 
composition, and hygroscopic properties of the aerosol. Arguably, the most important 
reactions occurring in this manner involve the transformation of dissolved compounds 
containing S(IV) such as sulfur dioxide, SO2, into compounds containing S(VI) such as 
the sulfate ion (SO42-). Although sulfate may be produced through several oxidation 
pathways, reactions involving ozone (O3) and hydrogen peroxide (H2O2) are typically 
deemed the most important (Seinfeld and Pandis, 1998).  
 Sulfate production through cloud-processing is a significant source of sulfate 
mass. McHenry and Dennis (1994) found that more than 60% of the sulfate present in 
the ambient aerosol in the central and eastern United States is likely produced by non-
precipitating clouds. Hegg and Hobbs (1986) and Langer and Rodhe (1991) have also 
predicted that aqueous phase production of sulfate is the most important pathway for the 
production of sulfate on a global scale. Despite its importance, the detection of aqueous 
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phase conversion of S(IV) to S(VI) is problematic due to variability in cloud liquid water 
content and to the temporal and spatial variability in the concentrations of the reacting 
species (Kelly et al., 1989). The dependence of aqueous phase reaction rates on the 
concentration of multiple oxidants, and on the concentration and composition of 
available CCN, makes extrapolation of laboratory measurements to real clouds complex. 
 A number of studies have attempted to detect and quantify in-cloud production of 
sulfate. Hegg and Hobbs (1982) analyzed filter samples of particulate matter collected 
aboard a B-23 aircraft during flight segments both up and down wind of wave clouds in 
western Washington. The filter samples were analyzed for sulfate by ion-exchange 
chromatography. In most cases, they found a significant increase in sulfate mass (0.93 
g m-3 on average) between the upwind and downwind measurements. From the rates of 
sulfate production derived from those measurements, they determined aqueous phase 
oxidation of SO2 by O3 to be the dominant mechanism for sulfate production. However, 
they speculated that the significant uncertainty in the calculated production rates might 
be due to oxidation by H2O2. Hegg and Hobbs (1988) described similar measurements 
on the Mid-Atlantic and Pacific Northwest coasts of the United States. Measurements in 
the Pacific Northwest indicated an increase in sulfate mass of 0.97 g m-3. Through 
analysis of aerosols collected in the Los Angeles basin using a low-pressure impactor, 
Hering and Friedlander (1982) concluded that the dominant size mode (0.46-0.65 m 
mass-median diameter) was probably produced by droplet phase oxidation mechanisms. 
They also concluded that these aerosol particles could account for the contribution of 
sulfates to visibility degradation. A number of recent studies have utilized single-stage 
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and cascade impactors to measure aerosol distributions and particulate sulfate 
concentrations in a variety of environments (i.e. Laj et al., 1997 and Sievering et al., 
1999). Measured aerosol volatility and aerosol size distributions were used by O’Dowd 
et al. (2000) to examine growth in accumulation mode particles. They found a significant 
enhancement in aerosol mode diameter for aerosols sampled under cloudy conditions 
relative to those sampled under cloud-free conditions. Their volatility analysis suggested 
that this additional mass had properties typical of sulfuric acid containing aerosol. Their 
calculations suggest that only aqueous phase production of sulfate could explain the 
increase in mass they observed. Kramer et al. (2000) employed a variety of instruments 
including the soluble fraction of aerosols-analyzer (SoFA) to measure the soluble and 
insoluble fractions of the aerosol with mean diameters from 0.38m to 2.58 m. Their 
findings suggest that the smaller activated particles (Dp < 0.2 m) were subject to the 
greatest change due to cloud-processing, and had the largest impact on aerosol light-
scattering properties. Based on measurements of particle mass concentration, number 
concentration, and hygroscopic properties in the Pennines of northern England, 
Yuskiewicz et al. (1999) reported an average increase of 14 to 20% in aerosol mass after 
passage through the orographic clouds in that region. They estimated that this increase 
would lead to an 18 to 24% increase in total light scattering by the aerosol. 
 A differential mobility analyzer (DMA) was first used to examine the effects of 
cloud-processing by Hoppel et al. (1986). They observed a significant difference in the 
size distributions of aerosols sampled in air masses that had traversed a region of 
significant cloud cover relative to those sampled in air masses that had passed through 
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non-cloudy regions. Aerosols that had not been through cloud had distributions 
displaying a single peak, while those that had been exposed to cloud displayed a double 
peak. They attributed this shift in the larger diameter particles to the addition of sulfate 
mass to particles that had nucleated cloud droplets. 
 During August and September of 2002 the Cloud-Aerosol Research in the 
Marine Atmosphere (CARMA) program employed a research aircraft to study the effects 
of clouds on aerosol properties. During this field program the effect of cloud-processing 
on aerosol light-scattering efficiency and on sulfate mass concentration were inferred 
from above-cloud, in-cloud, and below-cloud measurements. Hegg et al. (2004) used 
data collected during that study to examine the effects of cloud-processing on the mass 
scattering efficiency of the sampled aerosol. By combing airborne nephelometer 
measurements with calculated aerosol volume, they found an average increase of 10% in 
mass scattering efficiency for the processed aerosol. From these measurements they 
inferred that from 0.06 to 0.85 g m-3
 
of sulfate was produced in cloud. Crahan et al. 
(2004) directly measured non-sea salt sulfate in the aerosol below cloud and in the cloud 
water during the CARMA project. These measurements indicated that, on average, 1.16 
g m-3 of sulfate was produced in cloud.  
2. Methodology 
 The work presented here employs data collected with a tandem differential 
mobility analyzer (TDMA;Liu et al., 1978) system. This system was operated on board 
the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter 
(e.g. Gao et al., 2003; Hegg et al., 2004), measured growth factor distributions both 
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above and below cloud off the coast of California as part of the CARMA-II program in 
July and August of 2004. By examining the size-resolved hygroscopic properties of 
aerosol measured before entering (below) and after exiting (above) cloud, the soluble 
fraction of the aerosol can be inferred for both measurements and the change in sulfate 
mass due to cloud-processing may be calculated. 
 During the CARMA-II study, a series of missions were flown from the aircraft 
base at Marina, California from June 30, 2004 to July 21, 2004. A flight track from July 
21, 2004 is depicted in Figure 25b. This location was the site of the previous CARMA 
campaign (Hegg et al., 2004), and provides excellent conditions to study cloud-
processing in the atmosphere. As noted by Hegg et al. (2004), the stratocumulus cloud 
deck is well understood dynamically, is stable for long periods, and can typically provide 
adequate in-cloud resonance time for aerosols to undergo significant cloud-processing. 
During the project, 14 missions were flown; of those missions, 6 missions were excluded 
from this analysis due to instrument failures, the lack of cloud cover, or the lack of flight 
legs above cloud. Size-resolved hygroscopic growth measurements are used to examine 
in-cloud production of sulfate during the remaining 8 missions.  
 A schematic of the TDMA system used in this study is shown in Figure 26. Two 
identical Permapure PD-070-18T-24SS Nafion tube bundles were used within the 
TDMA. Nafion A is used to dry the particles prior to classification by the first DMA, 
while Nafion B is used to humidify the monodisperse aerosol sample flow to 85% RH 
between the two DMAs. Two high flow differential mobility analyzers (HF-DMAs) 
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Figure 25. Typical aircraft flight patterns as measured on July 21, 2004. The 
solid line in (a) show aircraft altitude throughout the flight and the shaded 
region indicates the measured FSSP volume concentrations. Approximate 
cloud layer is indicated by the dashed lines.  The flight track is shown in (b).  
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Figure 26. Schematic of the aircraft TDMA.  Circled V indicates connection to 
vacuum and circled RH indicates the location of an RH probe. 
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designed by Aerosol Dynamics, Inc. (Stolzenburg et al., 1998) were employed in the 
instrument to enhance the count rates during the necessarily rapid measurements. 
Hygroscopic growth factor distributions of 0.05, 0.10, 0.15 and 0.20 m particles at 85% 
RH were measured using this configuration. The entire system is contained in an 
aluminum-framed acrylic enclosure. A constant enclosure temperature is maintained 
throughout a flight by controlling the speed of two vent fans placed directly behind the 
DMAs. The configuration allows mitigation of the variations in cabin temperature that 
are often experienced during flight. These temperature variations complicate RH control 
and, consequently, the interpretation of the measurements. 
 In order to isolate the effect of aqueous phase sulfate production, the 
measurements were binned according to their altitude relative to the cloud layer. 
Measurements of aerosol and cloud droplet size distributions made with a wing-mounted 
Particle Measurement Systems/Droplet Measurement Technologies (PMS/DMT, Inc.) 
Forward Scattering Spectrometer Probe 100 (FSSP) were used to determine if the 
aircraft was in cloud. These measurements were used in conjunction with pressure 
measurements to determine the pressure-altitude location of the cloud layer. Figure 25a 
depicts the measured FSSP volume and the pressure altitude of the aircraft, and indicates 
the approximate location of cloud on July 21, 2004. Using these data, measurements 
were binned into three categories: below-cloud, in-cloud and above-cloud. During in-
cloud measurements, cloud droplets may impact and shatter on the aerosol inlet. The 
resulting shattered droplets may be sampled by the instruments and result in 
measurements of aerosol that are not representative of the particles that nucleated the 
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droplets. During this study, droplet shatter was manifested in the presence of very 
hygroscopic particles as small as 0.05 µm that were created from evaporated fragments 
of shattered droplets that formed on sea salt particles.  Therefore, measurements made in 
cloud were not considered in this analysis. In addition, measurements made while the 
plane was transitioning between categories or when the plane performed spiral ascents 
were not used.  Each of the measured growth factor distributions were inverted and fit 
with a series of log-normal distributions.  
 The soluble and insoluble fractions of the aerosol were computed from each size-
resolved hygroscopic mode, assuming the soluble fraction was pure ammonium bisulfate 
(NH4HSO4), to examine the difference in soluble volume between above cloud and 
below cloud measurements. Samples collected using a modified Mohen slotted cloud 
water collector (Hegg and Hobbs, 1986) were analyzed with ion chromatography, 
inductively coupled plasma-atomic emission spectrometry and mass spectrometry to 
determine mass concentrations of sulfate, nitrate, phosphate, chloride, sodium and other 
metals, and many organic compounds. The average sulfate to nitrate mass concentration 
ratio measured in cloud water was 3.73:1, but was observed as high as 7.89:1. The 
limited concentration of nitrate, coupled with the similarity in hygroscopicity of sulfates 
and nitrates supports the simplifying assumption that only NH4HSO4 contributes to the 
observed hygroscopic growth. The assumption that NH4HSO4 is the dominant sulfate 
species cannot be verified by measurements made during this or the previous CARMA 
campaign. However, it seems reasonable to assume that aerosol in a coastal setting 
would be only partially neutralized, since ammonia has primarily continental sources. It 
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is necessary to consider the possibility that the aerosol in the detraining air above cloud 
may have a smaller ammonium to sulfate ratio than that below cloud, since aqueous 
phase oxidation of SO2 results in the formation of H2SO4. Some additional neutralization 
may occur from the condensation of gas phase ammonia, but without measurements of 
ammonium the exact amount of neutralization cannot be determined. For simplification, 
the same soluble material is used both above and below cloud. It must be noted that if 
H2SO4 is the dominant soluble aerosol species then the soluble fraction of the aerosol 
calculated from the hygroscopic measurements will be less than that represented here.  
 To alleviate the effect of RH variations, measured growth factors were adjusted 
to those expected at 85% RH. For each size measured, the mass of NH4HSO4 and of 
insoluble material (density of 1400 kg m-3; Gasparini et al., 2004) that would result in 
the measured growth factor is calculated for the particles in all hygroscopic modes 
measured above and below cloud. As shown in Figure 27a, the calculated insoluble mass 
of each above-cloud particle is then compared with the insoluble masses of particles 
measured below cloud. Calculations of the change in soluble mass are restricted to those 
particles whose insoluble masses are within 15% of one another. Since the cloud-
processing mechanisms being investigated will not change the insoluble mass of the 
particle, this ensures that the particles sampled above cloud have similar compositions to 
those sampled below cloud. The difference in soluble mass is then compared with the 
results of a simple one-step cloud-processing model that follows the gas phase 
partitioning set forth in Seinfeld and Pandis (1998) as well as aqueous phase reaction 
rates for dissolved S(IV) species with O3 and H2O2 presented in the same text. To 
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Figure 27. Flow chart of the methodology employed to determine the amount of 
sulfate produced during cloud processing (CP) reactions and its affect on aerosol 
mass scattering efficiency (MSE). Capital I indicates insoluble mass and capital S 
indicates soluble mass. 
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examine the effect of these reactions on each of the particles, the following quantities are 
considered: the calculated soluble/insoluble mass below cloud; average cloud liquid 
water content (LWC); cloud droplet number concentration; gas phase SO2, O3, and H2O2 
concentrations from previous studies (Bates et al., 1992; Heikes et al., 1996; O’Sullivan 
et al., 1999; Hegg et al., 2004); and the volume mean diameter of the cloud droplets 
determined from an average FSSP volume distribution shown in Figure 28. The 
maximum allowable pH was 5.6 to account for dissolved CO2 (e.g. Seinfeld and Pandis, 
1998). The model performs the calculations in a single time-step, assuming the droplet 
pH is controlled by the dissolution of the soluble fraction of the aerosol into the droplet. 
This simple model does not consider the effect of the sulfate added during cloud 
processing on the droplet pH and therefore the reactions rates, since those calculations 
would have to be done at much shorter time steps to be relevant. This model serves as an 
aid to interpreting the measurements and is not intended to be cloud-resolving. As shown 
in Figure 27b, sulfate production due to reactions involving O3 and H2O2 are calculated 
separately and used as bounds for the total sulfate added during cloud-processing.  
 Once the sulfate added during cloud-processing was calculated from each of the 
measurements, the average mass added was used to adjust the average aerosol 
distribution measured by the Passive Cavity Aerosol Spectrometer Probe 100X (PCASP, 
PMS/DMT Inc.). This distribution was computed from the average of 1000 below-cloud 
measurements on each of 5 days during the measurement period. This average 
distribution was then parameterized with three log-normal distributions and then divided 
into bins from 0.01 m to 3.05 m. By adding the average amount of sulfate mass 
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Figure 28. Cloud droplet number and volume distributions derived from bin-
averaged  FSSP measurements on July 2 and July 21, 2004. 
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determined from the above and below cloud measurements to each particle in each bin, 
the aerosol volume distribution was modified to reflect the effects of cloud processing. It 
is likely that particles less than 0.05 m are not activated as cloud droplets and will not 
have sulfate added in this manner; however, since the PCASP cannot resolve particles 
smaller than 0.10 m, the population of aerosols below this size is not represented in the 
parameterized distribution and therefore does not influence the final result. Total 
scattering at a wavelength of 0.55 m was calculated for the parameterized PCASP data 
and for each of the distributions that were modified to reflect cloud-processing using a 
Mie-Lorenz light scattering model (Bohren and Huffman, 1983). The refractive index of 
NH4HSO4 (1.473 - 0.000i) was used for all particles in the calculations. As shown in 
Figure 27c, the mass scattering efficiency was calculated from the ratio of the total 
scattering to the integrated mass of the relevant aerosol distribution calculated using the 
density of NH4HSO4 (1.78 g cm-3). This density is consistent with that used for similar 
calculations in previous studies (1.8 g cm-3; Yuskiewicz et al., 1999 and Hegg et al., 
2004). 
3. Results 
 During the 8 flights from which data were used for this study there were very few 
measurements made above cloud. Table 4 summarizes the measurements from all 8 
flights. The small number of measurements made above cloud limits the observation of 
particles that have been cloud-processed. Despite this limitation, measurements on three 
of the eight days exhibited increases in soluble mass that could be attributed to cloud-
processing. Figure 29 shows 0.15 m and 0.20 m hygroscopic growth factor 
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Table 4. Measurements and calculations for all days used in the analysis. NA=Not 
Applicable, NO=Not Observed, NC=Not Calculated. 
Date Number 
of modes 
measured 
above 
cloud 
Number 
of data 
pairs 
with 
matching 
insoluble 
volumes 
Average 
fractional 
difference 
in soluble 
mass in 
matching 
data pairs 
Average 
difference 
in soluble 
mass of 
modes 
excluding 
those 
with the 
same 
soluble 
mass  
Average 
difference 
in soluble 
mass of 
all 
matching 
modes 
Fractional 
change in 
mass 
scattering 
efficiency 
when 
modes 
with 
same 
soluble 
mass 
excluded 
Fractional 
change in 
mass 
scattering 
efficiency 
including 
all 
matching 
modes 
07/02/2004 10 8 6.60 4.32E-
18 
3.22E-
18 
0.13 0.09 
07/06/2004 6 0 NA NA NA NA NA 
07/07/2004 12 12 -0.10 NO -3.39E-
20 
NC NC 
07/08/2004 4 8 -0.06 NO -7.71E-
20 
NC NC 
07/09/2004 10 24 -0.12 NO -1.37E-
19 
NC NC 
07/12/2004 6 5 0.37 4.42E-
18 
8.33E-
19 
0.13 0.02 
07/20/2004 2 5 0.00 NO -6.72E-
20 
NC NC 
07/21/2004 15 26 4.53 5.60E-
18 
2.65E-
18 
0.17 0.08 
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Figure 29. Growth factor distributions from July 21, 2004 measured above cloud  
(dotted line) and below cloud (solid line). 
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distributions, from July 21, 2004 displaying a shift in growth factor between above and 
below cloud measurements. On the remaining five days, particles measured above cloud 
did not have soluble masses that were significantly different (less than 15% on average) 
than particles with the same insoluble mass measured below cloud (Table 1). The impact 
of cloud-processing may not have been detected on these days due to the lack of 
extensive measurements above cloud. A complete sequence of hygroscopic 
measurements at the four sizes examined with this system takes approximately 12 
minutes. Therefore in a two to three hour flight only 10 to 15 measurements at each size 
are possible. The time spent above-cloud was limited by the needs of other experiments; 
thus, the likelihood of capturing aerosol that has been changed by aqueous phase 
reactions in the detraining cloud air against the background aerosol is significantly 
reduced. 
 For the days on which cloud-processing had a discernable impact on the aerosol, 
the change in soluble mass is consistent with that determined during previous studies. If 
only those particles observed to have a change in soluble mass greater than 15% are 
considered, the average mass added ranged from 4.32x10-9 g/particle on July 02 to 
5.60x10-9 g/particle on July 21. A single measurement on July 12 indicated an increase 
in soluble mass of 4.42x10-9 g/particle. The average FSSP cloud droplet number 
concentration (CDNC) on these days was 250cm-3. By adding the average per-particle 
sulfate production to each cloud droplet measured by the FSSP, the total sulfate added 
due to cloud-processing is calculated to be between 1.08g m-3 and 1.4 g m-3. However, 
if all data pairs are considered, the average sulfate production is somewhat lower. The 
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calculated addition would then be 3.22x10-9 g/particle on July 2, 8.33 x10-9 g/particle 
on July 12 and 2.65x10-9 g/particle on July 21. This leads to total sulfate addition of 
between 0.66 g m-3 and 0.81 g m-3 for the same CDNC. This production is within the 
range of average produced sulfate mass reported by Hegg, et al. (2004) of between 0.06 
g m-3 and 0.85 g m-3. However, Crahan et al. (2004) reported an average value of 1.16 
g m-3 of sulfate added in cloud, which is in better agreement with the average of only 
those data pairs that exhibited significant changes in soluble mass. Hegg and Hobbs 
(1982) and Hegg and Hobbs (1988) report average increases in sulfate mass of 0.93 g 
m-3 in wave clouds over Western Washington and 0.97 g m-3 in stratus clouds over the 
Pacific Northwest coast, respectively. These measurements are between the two ranges 
indicated here. Upon consideration of previous results, it seems that either considering 
all data pairs above cloud or by eliminating those that exhibit little or no change in 
soluble mass produces results that are consistent with the typical range of sulfate mass 
added to aerosol through aqueous phase mechanisms in this region. 
 The model was initiated with the calculated soluble and insoluble masses from 
the particles sampled below-cloud in each data pair. Model calculations were performed 
assuming that the aerosol spent 1300s in cloud, which is consistent with in-cloud 
resonance times typical of the cloud depths observed during the flights (a few hundred 
meters) and updraft velocities typical of the region (0.1 to 2 m s-1). Gas phase SO2 
concentrations were held at 300 pptv, similar to what has been measured in previous 
studies in the same region (Bates et al., 1992; Heikes et al., 1996; O’Sullivan et al., 
1999). Gas phase O3 and H2O2 were held at 30 ppbv and 1 ppbv, respectively.  Cloud 
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droplet number and volume mean diameter, as determined from the FSSP measurements, 
were held at 250 cm-3 and 13.3m, respectively. Due to in-cloud variability and poor 
agreement between instruments, there is some uncertainty in the cloud LWC, which was 
measured by both a Gerber hot-wire probe and a DMT Cloud Aerosol and Precipitation 
Spectrometer (CAPS) probe; therefore, a range of values was used in these calculations. 
As indicated in Figure 30, the measured sulfate addition is in the same range as the 
theoretical calculations (shaded region). The calculations indicate that the sulfate 
production observed is more accurately bounded by higher LWC values. These 
calculations also show that aqueous phase sulfate production by O3 is very sensitive to 
the initial soluble volume of the particle so the results vary considerably with initial 
soluble volume, while the H2O2 reactions are largely insensitive to initial soluble volume. 
The model results suggest that both O3 and H2O2 are important to the observed 
production of sulfate. 
 In order to compare more directly with nephelometer measurements of aerosol 
scattering properties, an average aerosol size distribution was created from 1000 below-
cloud PCASP size distributions on each of 5 days during the measurements period and 
parameterized with three log-normal distributions to capture each mode of the volume 
distribution between 0.10 m and 3.05 m. Both the averaged aerosol volume 
distribution calculated from PCASP measurements and the parameterized aerosol 
volume distributions are shown in Figure 31. The corresponding aerosol size distribution 
was comprised of modes with number concentrations of 306.96 cm-3, 9.25 cm-3, and 0.97 
cm-3 with mean diameters of 0.20 m, 0.59 m, and 1.43 m, and standard deviations of 
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Figure 30. Measurements of soluble mass (assumed NH4HSO4) added during 
cloud processing (dots) on the 2nd, 12th and 21st of July 2004. The grey region 
denotes the range of mass that would be expected through reactions involving O3 
(dashed line) and H2O2 (solid line) for each particle. Each panel represents 
calculations for different cloud LWC values. Open circles denote the average of 
the change in soluble mass for all matching modes and solid dots indicate the 
average of data points whose soluble volumes differed by more than 15%. The 
dashed line indicates production by H2O2 pathways and the solid indicates 
production by O3 pathways. 
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Figure 31. Averaged and parameterized PCASP volume distributions.  
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1.41 m, 1.36 m, and 1.38 m, respectively. Both the averaged and parameterized 
distributions are shown in Figures 32a and 32b. These parameters are used to create a 
distribution to represent the aerosol below cloud. This below cloud distribution is then 
modified to reflect the addition of soluble mass during cloud-processing. Both the 
original and the modified distributions are shown in Figure 32a and 32b. From these 
distributions, aerosol mass scattering efficiencies were calculated. If only those data 
pairs that had a change in soluble mass greater than 15% were considered, the average 
change in mass scattering efficiency was 14%. If all data pairs were considered the 
average change was 6%. Both of these fall well within the range of the measurements of 
Hegg et al, 2004, whose average change in mass scattering efficiency was approximately 
10%. Total scattering curves for these distributions are shown in Figure 32c and 32d.    
4. Summary and Conclusions 
 Size-resolved measurements of aerosol hygroscopic growth were made as a part 
of the CARMA II field campaign from June 30 to July 21, 2004. Comparing the 
hygroscopic properties of aerosol in air entering the cloud from below with aerosol in 
the detraining air above cloud provides a new means to quantify the production rate of 
aerosol-phase sulfate by aqueous phase reactions in cloud. Despite the rarity of usable 
above cloud measurements during the experiment, observations of cloud-processed 
aerosol were observed during three of the eight flights that were examined. 
Measurements suggest that the sulfate produced in cloud was between 1.08 g m-3 to 1.4 
g m-3, which would lead to an enhancement of 6 to 14% in aerosol mass scattering 
efficiency at a wavelength 0.55 m. These measurements are in excellent agreement 
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Figure 32. Aerosol concentration and total scattering at 0.55 um derived from 
PCASP data. The averaged and parameterized PCASP size distributions measured 
below cloud are denoted by the solid grey and black lines, respectively. The 
distributions modified by the average amount of soluble volume added to the aerosol 
on each day that cloud processing was observed is indicated by the dashed and dotted 
lines. A and C represent calculations considering only those data points whose 
difference in soluble volume was greater than 15%, while B and D consider all data 
points with matching insoluble volumes. 
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with the results of Hegg et al. (2004) and Crahan et al. (2004) and model calculation of 
the relevant reactions on the observed particles agree relatively well with the calculated 
values. 
 For future studies, significant improvements to the experimental design could be 
implemented. The most critical change should be to increase the time spent in the 
detraining air above cloud. This would significantly improve the likelihood that 
observations of cloud-processed aerosol would be made. It would also be advisable to 
change the particle sizes measured. Due to the compression of the aerosol distribution by 
cloud-processing, measuring 0.05 m particles has limited benefits. In this study, no 
particles of this size were observed to have been cloud-processed. Focusing the 
measurements on larger particle sizes both increases the chance of observing cloud 
processed aerosols and focuses the observations on those aerosols that have the greatest 
impact on the scattering properties. 
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CHAPTER V 
SUMMARY 
 Experiments were performed in: College Station, Texas; Houston, Texas; and in 
the coastal Pacific near Monterey, California to study the physical and chemical 
properties of aerosol in those regions and the nature of the changes those aerosol 
experience. The initial experiment was concerned with the hydration state of ambient 
aerosol under ambient conditions. Further experiments were performed to examine 
diurnal cycles in the hygroscopic growth cycles of aerosols in southeast Texas. Finally 
experiments were performed near Monterey, California to measure the sulfate added to 
the ambient aerosol through aqueous phase oxidation of S(IV) in cloud.  
 Measurements in College Station, Texas determined the ambient hydration state 
of aerosols in that region. Using a novel TDMA experiment, it was determined that 
during the month August 70 to 95% of all the particles observed resided in the 
metastable state. Further, no stable deliquescent particles were observed. This is in 
agreement with Rood et al. (1985) whose measurements also indicated a predominance 
of metastable aerosol. These measurements also indicate that the soluble component of 
the aerosol was probably some combination of ammonium and sulfate, and that the 
soluble fraction made up 60 to 70% of the aerosol by volume. 
 Further measurements in College Station and Houston, Texas examined diurnal 
cycles in the properties of the aerosol. Observations indicated that the hygroscopic 
growth hysteresis in the aerosol in these two locations changed in a repeatable and 
predictable way over the course of most days during the study period. The aerosols were 
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observed to display a clearly defined hysteresis in the early morning hours. Around 
10:00 local time the observed hysteresis curves began to collapse, sometimes resulting in 
no observed hysteresis in the early afternoon. After 16:00 local time the hysteresis began 
to become more prominent. Correlations with atmospheric variables and parameters 
describing the change in hysteresis indicated that high RH and and low temperatures, as 
would be expected in the early morning, corresponded to times when the hysteresis was 
clearly defined, while low RH and high temperatures corresponded to times when the 
hysteresis behavior was less prominent. The deliquescence and crystallization point were 
observed to decrease during the afternoon so that the ambient RH never fell below the 
crystallization RH, and since during the study period, the deliquescence RH was always 
exceeded at some point during the day all particles were expected to remain in the 
metastable state. The shifts in the hysteresis behavior of the aerosols indicate a change in 
chemical composition, which is believed to be due to the addition of sulfate through both 
gas and aqueous phase mechanisms that are preferentially more active during mid-day. 
Growth along the stable leg of the hysteresis was often observed during the early 
afternoon coincident with the collapse of the hysteresis curves. 
 A final experiment to examine the production of sulfate in cloud was performed 
off the coast of Monterey, California. By computing soluble and insoluble aerosol 
volumes both below cloud and in the detraining air above cloud, the change in soluble 
mass on an aerosol particle as it passed through a cloud could be calculated. The amount 
of soluble material produced on the particles was observed to be between 0.66 g m-3 
and 1.4 g m-3, which is excellent agreement with previous studies. The calculated 
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increase in mass scattering efficiency from these measurements was between 6 and 14%, 
also in excellent agreement with previous work. 
 The ambient hydration state of an aerosol is critical to understanding the 
aerosol’s impact on radiative forcing, visibility, the partitioning of trace gasses to the 
aerosol phase and secondary aerosol formation. The observed cycle of sulfate production 
indicates that the aerosol will become more acidic in the afternoon, which not only 
makes it a better site for SOA production but may increase the health effects associated 
with the aerosol. The indication of SOA production is further strengthened by the 
observation of growth along the stable leg in the afternoon. This type of growth is often 
associated with the presence of soluble organic compounds (Brooks et al., 2003) that 
may have been produced on the acidified aerosol. One of the primary mechanisms 
responsible for the production of sulfate on the aerosol particles in Houston was 
investigated in Monterey. Cloud-processing reactions were observed to produce quite 
large amounts of sulfate of the particles in coastal California, and indicate that the 
mechanisms presumed to be responsible for the compositional changes in Houston are 
quite plausible. Due to the ubiquitous nature of ammonium and sulfate containing 
aerosols worldwide, the results of these studies may have application outside the 
individual study areas.      
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